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ABSTRACT 
To examine conjugal transfer of UnQlG in the soil environment, matings 
were performed in a laboratory soil microcosm. In sterile soil, Tn916 was 
observed to transfer from Bacillus subtilis to Bacillus thuringiensis subsp. 
israelesis at an average frequency of 2.1 x 10 ® conjugants per donor. Moreover, 
transfer was observed from Enterococcus faecalis to B. thuringiensis at an average 
frequency of 2.3 x 10 ®. In nonsterile soil, similar transfer frequencies were 
observed. The conjugal transfer of Tn9i6 between Bacillus species was evaluated 
over varying conditions of soil moisture, temperature, pH and available nutrients. 
Optimal transfer occurred at 2-5% moisture even though transfer was observed 
over the entire range tested. Detectable transfer only occurred between 18° and 
37° C (optimimi at 30° C) and in a range of pH of 6 - 8.9; within this range, pH had 
minimal effect on transfer. Increasing the nutrient level in the soil enhanced 
transfer frequencies. Additionally, TnSifi mobilization of the nonconjugative 
plasmid pC194 occurred at an average frequency of 2.0 x 10 ®. Because Tn9ifi 
was originally isolated from E. faecalis, swine lot effluent was examined for the 
presence of Tn9i6-like elements. Outflow samples from the Iowa State 
University farrowing house were used to isolate E. faecalis. Of the enterococci 
isolated, 71% were found to be resistant to tetracycline. To screen these isolates 
for conjugal activity, a microassay was developed. Among the tetracycline-
resistant enterococci isolated from the outflow sample, 34% were able to transfer 
tetracycline resistance to a B. thuringiensis recipient in microassay matings. The 
transfer frequencies for 10 random isolates were similar to those for transfer of 
Tn926 from E. faecalis to B. thuringiensis on filters, as weU as in a soil 
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environment. Furthermore, these elements were able to mobilize plasmid DNA 
between Bacillus species. Southern blot and PGR analysis showed these 
elements to share extensive structural homology with T!n916 and are hence 
referred to as Tn926-like elements. Because it was determined that these 
elements are functional in the soil environment, when introduced in effluent, it is 
likely that they could facilitate the dissemination of antibiotic resistance genes as 
well as other nonconjugal DNA in the soil. 
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GENERAL INTRODUCTION 
Background 
With the discovery of transformation by Griffith (1928), the concept of the 
stabile bacterial genome was amended to a more fluid model involving the 
possibility of incorporating foreign DNA. With the fiarther discoveries of 
conjugation and transduction as mechanisms of genetic exchange, it became more 
evident that the bacterial genome was not simply an isolated collection of genes. 
It was soon clear that the bacterial genome was a changing and evolving entity. 
The flmdity of the bacterial genome allows exchange of genetic material 
among bacterial cells. This genetic exchange capacity increases the bacterial 
ability to evolve and overcome new challenges. Nowhere is this ability to evolve 
more evident than in bacterial resistance to the actions of antibiotic therapy. 
In the 50 years since the introduction of the first antibiotics for widespread 
commercial use, bacteria have mounted an ever-increasing defense against 
antimicrobials. Particularly within the last 20 years, pathogens resistant to 
nearly all commonly used antibiotics have been found (Nicoletti and Stefani, 1995; 
Patterson, 1995). Although resistance can be innate to the bacterial strain, the 
majority of the resistance seen in pathogenic organisms is due to the acquisition of 
resistance genes (Levin, 1995). There is much speculation as to how these genes 
arise; however, it now seems clear that resistance genes predate the widespread 
use of antibiotics by humans; recent data from strains isolated prior to the 
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antibiotic era have shown these strains to contain plasmid mediated antibiotic 
resistance (Beneveniste and Davies, 1973; Docherty et al., 1981; Davies, 1994). 
In nature, antibiotics are produced by microorganisms for use against other 
organisms, in defense of space and to be more competitive for nutrients. It has 
been known for some time that a wide variety of antibiotic-producing organisms 
are present among the terrestrial soil flora (Chater, 1984). Therefore, one would 
expect that soil bacteria would develop resistance genes. Moreover, resistance 
genes are found in many antibiotic-producing organisms (Walker, 1970; 
Benveniste and Davies, 1973; Chater, 1988). Thus, it is likely that some of the 
resistance genes present in pathogens today originated in the soil-borne, 
antibiotic-producing microbes. This would be in agreement with the finding of 
resistance in strains isolated in the preantibiotic era. Today, antibiotic resistance 
genes are common among bacterial isolates. Alone, the presence of a resistance 
gene is usually not a major concern. However, if these drug-resistance genes 
become mobile by genetic exchange, they can move from the original terrestrial 
host into any number of possible bacterial recipients, including pathogenic 
bacteria. Through genetic exchange, resistance genes can. be allowed to collect 
and coalesce within microorganisms. The key to development of this hypothesis, 
however, remains the ability of these soil-borne microorganisms to undergo 
genetic exchange. 
It is believed that the streptomycetes constitute the ancestral reservoir of 
genes determining resistance to certain antibiotics (Benveniste and Davies, 1973). 
Genetic exchange can mobilize these resistance genes to other, possibly 
susceptible, recipients. If, through normal bacterial interactions in the 
3 
environment, the resistant organisms contact an animal pathogen, the pathogen 
could obtain the gene and cause a resistant infection or pass the resistance gene 
to other pathogens in an animal. In turn, resistant strains would be excreted from 
the animal back into the soil environment where they could contact other 
organisms adding to the resistance gene pool. Genetic exchange within the human 
and animal gut has been docimiented (Doucet-Populaire et al., 1992; Duval-Iflah, 
1992), as has transfer of an enteric organism carrying a conjugal plasmid among 
animals housed in the same pen (Marshall et al., 1990); therefore, this is a 
plausible cycle of events. Although selection for resistance through the misuse 
and/or overuse of antibiotics more than likely impacts the survival of resistant 
populations (Bennett, 1995), mobilization of these resistance genes allow them to 
be disseminated to a far greater number of bacterial species. Because these 
events are controlled by conjugal elements, it is important to examine the 
introduction and function of these elements in the soil environment, to assess the 
risk they pose to the dissemination of genetic material. 
Objective 
The object of the research presented herein is to examine DNA exchange in 
the soil as mediated by conjugal elements, specifically, conjugative transposon-
mediated genetic exchange. By obtaining a better understanding of how these 
elements affect the fluidity of genetic information in the soil microcosm, an 
assessment of the risk posed by mobilization of resistance genes can be made. 
Livestock effluent and sludge from waste-water treatment plants are deposited 
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onto soils in increasing amounts every year. This material contains high numbers 
of enteric bacteria, rich in antibiotic resistance genes and conjugation systems. 
Among these organisms are the enterococci, known for their content of conjugal 
elements, including a variety of conjugative transposons. Although plasmid 
transfer in soil has been examined, soil conjugation studies involving transposons 
are lacking. The object of this research was to determine if conjugal transposable 
elements, which are more difficult to detect, are being introduced into the soil 
through livestock effluent and to determine if, once in the soil, these elements can 
function in the movement of genetic material includiag resistance genes. These 
results have far-reaching applications for biotechnology. With the increased 
interest in the fate of genetically engineered organisms released into the 
environment, data from this research will aid in the assessment of risk posed by 
conjugal elements in mobilization of the engineered DNA to the soil microflora. 
Dissertation Organization 
Chapter 1 of this dissertation is a review of literature pertinent to this 
research and is intended to give the reader an understanding of the state of 
knowledge concerning terrestrial genetic exchange systems. Also included in the 
literature review is information to give the reader a general vinderstanding of the 
involvement of transposons in the dissemination of genetic material both 
intracellularly and intercellularly. Finally, the review concludes with a discussion 
of the conjugative transposon Tn9i6, the subject of these investigations. 
References for this review, as well as for the general introduction follow the general 
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conclusions chapter at the end of the dissertation. The data included in the 
following chapters are presented ia the form in which they have been submitted 
for publication. Chapter 2 has been accepted for publication in the Journal Soil 
Biology and Biochemistry. Chapter 3 has been submitted to the Journal Applied 
and Environmental Microbiology for publication. Following Chapter 3 in this 
dissertation, is a discussion of general conclusions. In this section, research data 
are svunmarized and directions for futtire research efforts are outlined. 
6 
CHAPTER 1. LITERATURE REVIEW 
Genetic Exchange Among Terrestrial Microorganisms 
Genetic exchange has been examined in the laboratory since the discovery 
of transformation among pneumococci by GrifiSth (1928). Until more recent 
times, however, DNA transfer was demonstrated as a laboratory based 
phenomenon. Although assumed to be applicable to some natviral environments, 
there was little data to support this assumption. The arguments against natural 
genetic exchange involved susceptibility of the nucleic acid to degradation, lack of 
physiologically active cells, as well as the belief that the cells would be separated 
by sufficient distances to preclude the possibility of any direct cell to cell contact. 
A better imderstanding of the soil environment has allowed a clearer 
understanding of life in terrestrial niches. It is now known that soil actually 
contains thriving microcosms of bacteria and other microorganisms. These 
organisms can be very dense in ntmiber and have high physiological activity 
(Trevors et al., 1987). This new view of the soil has renewed interest in the study 
of genetic exchange in natural environments. 
Transformation 
Overview. The process of transformation as originally described by Griffith, and 
further by Avery, McLeod and McCarty (1944; for review, see; Stewart, 1989), 
involves the uptake and incorporation of naked DNA from the siarrounding 
environment by a bacterial cell. The process of transformation has been well 
documented for many species under laboratory conditions and involves a state of 
readiness by the bacterium to uptake foreign DNA called competency. Several 
common soil organisms such as Bacillus (Ephrati-Elizur, 1968), Acinetobacter 
(Juni and Janik, 1969) and Pseudomonas (Carlson et al., 1983) are known to reach 
a natural competent state. During competence, DNA can be bound to the cell and 
internalized. The incoming genetic material integrates into the host DNA by 
homologous recombination and is replicated with the genome. 
Transformation in Soil. In the soil environment, bacteria undergo normal life 
cycles and can, therefore, obtain a competent state. Graham and Istock (1978, 
1979) were able to transform competent Bacillus subtilis ia a sterile soil 
microcosm by adding exogenous DNA to the soil. Although the soiirce of DNA was 
external, they demonstrated that cells coxild be transformed within a soil 
environment. They were further able to show that they could mix strains of B. 
subtilis in soil and detect transfer of chromosomal markers between strains. 
Because the strains contained no known plasmids or generalized transducing 
phage, the exchange was presumed to be transformation. This was the first 
demonstration of transformation between bacteria in soil and, although artificial, 
it mimics what is believed to occur in native systems. 
In a natural system, the sources of foreign DNA are other organisms 
present in the microcosm. DNA is released from decaying cells or can be excreted 
by some bacteria in certain growth phases (Trevors et al., 1987). Bacteria within 
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a microcosm can literally shower each other with transformable DNA (Graham 
and Istock, 1979). These events maintain a level of free DNA within the 
environment, available for uptake by competent bacterial cells (Ogram et al., 
1987). As would be expected, this type of genetic exchange is especially important 
in densely poptdated microcosms. 
In soil, as with any transformation event, the naked DNA is subject to 
degradation outside the host cell. The soil environment contains many nucleases, 
some of which are used in the acquisition of nutrients and DNA building blocks. 
Although DNA is quickly degraded in some environments, recent studies have 
shown that nucleic acids are adsorbed to clay and sand particles and thereby 
protected from nuclease digestion (Romanowski et al., 1991). For this reason, the 
texture of the soil may be critical for survival of the DNA and, therefore, 
occurrence of transformation. Exogenous DNA has been shown to be able to 
transform B. subtilis in soils when the DNA is first adsorbed to sand or clay 
materials (Khanna and Stotzky, 1992; Lorenz et al., 1988). However, adsorption 
of nucleic acids to some soil particles can make them inaccessible to 
microorganisms (Trevors et al., 1987). Also, one must consider that the stability 
of the DNA in soil is dependent upon environmental factors such as soil texture, 
mineral content, moisture and temperature. Finally, it should be noted that the 
incoming DNA is subject to intracellular genetic barriers such as restriction 
systems, lack of homologous recombination systems and plasmid incompatibility. 
Even with these shortcomings, transformation was once thought to be the only 
probable means of genetic exchange in terrestrial environments. 
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Transduction 
Overview. Transduction is a method of genetic exchange involving transfer of 
DNA from one cell to another as mediated by a bacteriophage. The phenomenon 
was first described for transfer of genetic material between Salmonella by the 
bacteriophage P22 (Zinder and Lederberg, 1952). In essence, this process involves 
accidental incorporation of host genes into the phage genome, by one of two 
mechanisms. The transfer of donor genes may be at random through an error in 
DNA packaging by the phage enzymes. This type of transduction is referred to as 
generahzed transduction, because in theory, any gene can be transferred. 
Alternatively, DNA from the donor chromosome can be included in the 
bacteriophage by an aberrant excision of a lysogenized phage genome. If the 
excision of the phage from the host DNA is not precise, DNA sequences 
surrounding the phage genome can be included in the replication of the phage DNA 
and packaged into the phage heads. This type of transduction is called specialized 
transduction because only certain genes can be transferred, depending on the 
insertion site of the bacteriophage. Regardless of the method, the host DNA is 
packaged in the phage head which is released during cell lysis and transferred to 
the recipient cell upon subsequent infection (Freifelder, 1987). This process has 
been described for a wide variety of bacterial hosts and their bacteriophages. 
Transduction in soil. Generalized transduction systems have been described for 
many common soil organisms such as: Rhizobium (Kowalski, 1971; Buchanan-
Wallaston, 1979), Bacillus (Taylor and Thorne, 1963; Thorne, 1968; Lovett, 1972; 
Vary, 1979) anA Pseudomonas (Stanisich and Richmond, 1975), although studies 
of transduction in soil have been very few. 
Zeph et al. (1988), however, have been able to demonstrate transduction of 
Escherichia coli by bacteriophage PI in sterile and nonsterile soil microcosms. By 
the use of either purified lysates or PI lysogens of E. coli, transduction was 
detected through growth on selective media, as weU as by hybridization with a PI 
DNA probe. Furthermore, transduction of indigenous soil flora was suggested by 
the data. Native soil organisms were isolated from nonsterile soil transductions 
that showed identity with the PI DNA probe (Coughter and Stewart, 1989). 
Although the bacteriophage was added artificially in these experiments, studies 
have shown populations of various bacteriophage exist in natural soil microcosms 
(Hegazi and Jenson, 1973; Reanney and Teh, 1976). This research suggests the 
potential for transductive genetic exchange among bacteria in the soil, whether 
the donor, bacteriophage and recipient population are introduced or are indigenous 
to the soil environment. 
A major criticism of the Zeph work was that is used an organism not 
normally found in soil. Although E. coli could be introduced into the soil in many 
ways, it would usually not be found residing there naturally. Later work by 
Wellington et al. (1990), however, made use of soil isolated phage and the common 
soil organism Streptomyces. In this research, soil microcosms were inoculated with 
S. lividans and an actinophage isolated from another species of Streptomyces. 
Lysogens of S. lividans were isolated for 39 days following inoculation. Presence of 
the actinophage was confirmed by DNA hybridization with phage DNA. These 
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experiments are significant in that the Streptomyces and the actinophages are 
known inhabitants of the soil environment and Streptomyces are common 
producers of antibiotics, as well as resistance genes (Cundliffe, 1989). 
Additionally, the actinophages have a relatively broad host range among the 
Streptomyces and could, therefore, be responsible for resistance gene mobilization 
between species. 
A key characteristic of transduction systems in the soil environment is the 
protection offered the DNA during transfer by the pr.otein capsid of the 
bacteriophage. Within the transducing particle, the DNA is protected from 
nuclease activity, as well as maintained in a stabile state (Coughter and Stewart, 
1989). This protection allows the transducing DNA to be more mobile in the 
environment than transforming DNA. Transduction, however, depends on the 
ability of the bacteriophage to infect a recipient cell. With the exception of a few 
phages, such as PI and the actinophages, most bacterial viruses tend to have a 
narrow host range that would limit the horizontal spread of genes (Reanney, 
1983). Given our ability to culture only a small percentage of the soil flora, it is 
likely that there are more recipients for these bacteriophage present in the soil 
than are currently known. At present, however, due to the host range limitation 
imposed by the bacteriophage, transduction is considered to be of minor 
significance in the dissemination of genes in the soil environment, although this 
method has yet to be studied in great detail (Kokjohn, 1989). 
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Conjugation 
Overview. Conjugation involves the transfer of DNA from one cell to another 
through a direct cell to cell contact. Conjugation was first described in E. coli by 
Lederberg and Tatum in 1946, when they observed genetic exchange mediated by 
the F plasmid (Lederberg and Tatum, 1946). Since this initial description, 
conjugative genetic exchange between a wide variety of bacteria has been 
examined. Conjugative plasmids have been foimd that can cross genus Unes as 
well as the Gram-positive - Gram-negative barrier. Conjugation systems have 
been described in both Gram-positive and Gram-negative genera, although the 
details of the mechanisms vary considerably. Even though conjugative elements 
vary in many ways, they all encode the functions necessary for gene transfer. 
This information is carried in a series of transfer genes (the tra genes). DNA 
elements that carry fimctional tra genes are referred to as being self-
transmissible, or conjugative. 
Self-transmissible plasmids are usually in the minority of a plasmid 
population, however, many non-self-transmissible plasmids can also be 
transferred by these conjugative elements (Clark and Adelberg, 1962). This 
process of mobilization is carried out by one of two mechanisms: i.) the formation 
of a cointegrate between the conjugative and mobilized plasmid, which is then 
transferred, and resolved in the recipient cell, a process known as conduction 
(Reimmann and Haas, 1994), or ii.) the conjugative plasmid provides the 
conjugation machinery that functions on the nonconjugative plasmid, usually by 
recognition of a mobilization {mob) site (Davis et al., 1980). This later process has 
been termed donation. Furthermore, as with F-mediated conjugation, integration 
of a conjugative plasmid into the host chromosome can allow transfer of 
chromosomal genes to the recipient cell. 
Due to the requirement for cell contact between donor and recipient, a 
mechanism is necessary to bring the cells together. Bacteria have developed 
various methods to accomplish tliis task. In the typical conjugal transfer 
mediated by the F plasmid of E. coli, a proteinaceous appendage called a pillus is 
produced that attaches to, and draws in a recipient cell (Bradley, 1980). In the 
Gram-positive Enterococcus faecalis, the recipient cell produces and excretes a 
protein attractant called a pheromone that attracts the donor cell and causes 
clumping between donor and recipient cells (Clewell and Brown, 1980). Regardless 
of the method, once cell contact has been established, an interaction between the 
two cell envelopes creates a channel through which DNA transfer occurs. The 
actual transfer process is still not well understood for most bacteria and needs 
further study. 
Once in the recipient cell, the DNA encounters the same hazards as any 
foreign DNA upon entry into a new host. Plasmid DNA must establish itself and 
replicate in the recipient cell, but faces the problem of incompatibility with other 
resident plasmids in the cell, as well as instability of the plasmid replicon. Also, 
the DNA faces the same restriction systems as seen by transforming DNA. 
Conjugation in Soil. The initial detection of conjugal genetic exchange in soil was 
by Wienberg and Stotzky (1972) who were able to demonstrate transfer of the F 
plasmid between different E. coli strains in sterile soil. Using prototrophic and 
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auxotrophic strains of J?, coli, conjugal transfer of the F plasmid was studied from 
both F"" and Hfr strains. When the donor and recipient cultures were inoculated at 
different points on the soil, conjugants were obtained at both inoculation sites as 
well as in the intervening soil. The design of these experiments allowed 
determination of svurvival, proliferation and migration of an introduced bacterium. 
Data obtained from these matings were further able to demonstrate conjugative 
transfer of chromosomal genes from the Hfr donor. 
Although this report demonstrated that conjugative genetic exchange could 
occur in a soil medium, they drew criticism once again because the experiments 
were performed with a non-soil organism. The E. coli F-mediated conjugation is 
known to be a very efficient process, producing a high percentage of conjugants, 
this too may not represent a true soil mechanism. Finally, when the experiments 
were paralleled in nonsterile conditions, the transfer frequency in the nonsterile 
soil was much lower than had been seen ia sterile soils. These experiments did, 
however, demonstrate that an introduced organism of non-soil origin, could survive 
long enough to transfer genetic information within the soil environment. 
Experiments by Rafii and Crawford (1988) showed that conjugation and 
plasmid mobilization could occur in the common soil bacterium Streptomyces. A 
conjugative plasmid was shown to transfer between various isolates of 
Streptomyces. Additionally, a nonconjugative plasmid was successfully mobilized 
to several isolates representing various species of Streptomyces. This data was 
able to show that conjugation, as well as mobilization of native plasmids could 
occur in bacteria native to the soil environment. However, these experiments 
were conducted in sterile soil microcosms. Conjugal exchange between 
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Streptomyces in nonsterile soil was demonstrated by Wellington et al. (1990) with 
the self transmissible plasmid pIJ673. Transfer was observed between different 
strains of Streptomyces in sterile and nonsterile soil. Although plasmid transfer 
was readily detected, the frequency of transfer was lower in nonsterile soil than in 
sterile soil. Demonstration of intergeneric conjugal genetic exchange in nonsterile 
soil was demonstrated by Devanas and Stotzky (1988) with the broad host range 
plasmid RP4. This plasmid was shown to conjugally transfer both intergenerically 
and intragenerically between strains of Pseudomonas aeruginosa, Enterobacter 
aerogenes, Klebsiella pneumoniae and Proteus vulgaris in nonsterile soil. 
As would be expected, conjugation in soil is dependent upon cell physiology 
and therefore, environmental conditions. It would seem conditions that favor 
survival and physiological activity of the bacteria involved will also enhance 
conjugal genetic exchange (Slater, 1985). Outside the controlled environment of 
the laboratory, frequencies of genetic transfer are affected by changes in 
temperature, moisture, pH and available nutrients (Stotzky and Krasovski, 1981; 
Trevors et al., 1987; van Elsas et al., 1988), as well as mineral content of the soil 
(Devanas and Stotzky, 1988). In most of the nonsterile matings performed to 
date, these conditions had to be optimized (i.e. texture and nutrient amendments) 
in order to detect conjugal transfer of plasmid DNA. 
In many ways, plasmid-mediated conjugation is more likely to resvdt in 
genetic exchange in the soil when compared to transduction or transformation. 
Unlike transformation or transduction, homologous recombination by the 
incoming DNA is not necessary because the plasmid exists as an autonomous 
replicon (Trevors et al., 1987). Due to the cell - cell bridge indicative of this type of 
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genetic exchange, the DNA is protected from nuclease activity. Furthermore, 
many habitats support dense and physiologically active microbial communities 
where cell to cell contact is easily obtained (Trevors et al., 1987). 
Plasmid DNA has been found to be common in a variety of soil organisms 
from diverse environments (Radford et al., 1981; Friedrich et al., 1983; Anson and 
MacKinnon, 1984; Trevors et al., 1985). Among these, resistance plasmids have 
been found that contain genes for resistance to many antibiotics and heavy 
metals (Radford et al., 1981), as well as plasmids carrying genes conferring new 
metabolic activities (Latorre, 1984). Conjugal plasmids have also been found in 
many species of soil-related bacteria (Kelly and Reanney, 1984; Don and 
Pemberton, 1985; Hirsch, 1990). Although conjugal plasmids carry genes for 
resistance and metabolic activity, as mentioned earlier, some of these elements 
mobilize nonconjugal DNA. In this way, the amount of DNA transferred is much 
greater than the conjugal plasmid alone. Due to the broad existence of plasmids 
among bacterial isolates, as well as the ease at which they are transferred (or 
mobilized), conjugal DNA transfer is believed to be the major mechanism involved 
in the dissemination of genetic material in the soil environment (van Elsas, 1992). 
Movement of Antibiotic Resistance Genes by Transposons 
The abundance of resistance genes among bacteria has been weU 
established. Moreover, it is believed that the original host for many of these genes 
may be antibiotic-producing organisms within the terrestrial environment. 
Resistance genes within these organisms have been found clustered with the 
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genes for the production of the antibiotics themselves (Chater et al., 1988). 
Among medically important bacteria, antibiotic resistance genes are commonly 
foimd on plasmids and transposons as well as on the bacterial chromosome. 
Resistance genes isolated from different organisms and on different plasmids have 
been shown to share extensive sequence homology. Matsumura et al. (1984) 
isolated a kanamycin-resistance plasmid from a thermophilic bacillus that showed 
extensive sequence homology to the kanamycin-resistance gene carried by the 
Staphylococcus aureus plasmid pUBllO, even though the restriction patterns of 
the plasmids themselves varied considerably. Some resistance genes, although 
showing sequential differences, have structural similarities (Trieu-Cout et al., 
.1987). Although this is not true for all common resistance genes, several such 
examples have been found. The mechanism for the intercellular movement of 
these genes may be conjugation; however, the resistance genes must first be 
intracelliilarly removed from the chromosome of the original host. The key to this 
mobility may be bacterial transposons (Bennett, 1995). 
Insertion Sequences. The simplest of the bacterial transposons are the 
insertion sequences (IS elements). These elements have the ability to excise from 
a DNA molecule and insert at another point on the same or different DNA 
molecule. Insertion sequences are essentially cryptic DNA that encode only the 
functions necessary for excision and integration. Structurally, IS elements are 
usually small (about 1-2 kb), and are usually bordered by terminal inverted repeat 
sequences. These terminal sequences are the recognition sites for the 
transposase enzyme(s) that allow movement of the element (Galas and Chandler, 
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1989). Presence of IS elements has been demonstrated in a variety of bacterial 
genera. 
Although IS elements encode only the mechanism for their own movement, 
if two IS elements insert near one another, they can move in tandem, mobilizing 
the intervening sequence ofDNA. This construction is referred to as a composite 
transposon (Bennett, 1991). The composite transposon carries and may express 
the segment of DNA which could include one or several genes. If two IS elements 
insert around a resistance gene, transposition of the gene could occur (Bennett, 
1995). Evidence for this method of gene movement may be seen in many 
composite transposons that carry resistance genes. The well known resistance 
transposon TniO, for example, is essentially a tetracycline-resistance gene 
flanked by inverted repeats of ISIO (Kleckner, 1989). The DNA trapped between 
IS elements may carry multiple resistance genes such as in Tn5, that encodes 
resistance to kanamycin, bleomycin and streptomycin. 
Another example of resistance gene movement is seen among the Tn22 
family of transposons. These transposons are contained within the Tn3 family 
and are believed to be responsible for the majority of resistance gene movement 
among Gram negative bacteria (Grinsted et al., 1990). Where the type element of 
the group, Tn3, mainly encodes P-lactamase, the Tn2i family is known to encode 
resistance to many different antibiotics in various combinations. This element is 
quite ubiqiaitous in that Tn2i sequences have been detected in a variety of 
bacterial genera (Zuhlsdorf and Wiedemann, 1992). 
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The success of the TnSi transposons in the movement of resistance genes 
has been attributed to a recA-independent site-specific recombination system 
comprised of an integrase enzyme and a recombination sequence recognized by 
this enzyme. This system modifies the central core of the transposon by addition, 
deletion or substitution of DNA sequences. The integrase enzyme is believed to be 
similar to the X bacteriophage system for DNA integration and consists of two 
conserved regions of DNA surrounding a central cassette that can contain a 
variety of resistance genes. The conserved sequences have been shown to encode 
the integrase enzyme as well as a strong promoter and ribosomal binding site to 
ensure expression of the integrated DNA. The term "integron" has been coined to 
describe this type of element (Stokes and Hall, 1989). Although they seem to 
resemble transposons, integrons have no direct or inverted repeats Uke 
transposons, however, the integrase does recognize a specific sequence of DNA 
(Hall et al., 1991). Integrons are believed to be widespread in bacteria and to be 
responsible for the wide variation of genes carried on elements such as the Tn21-
like transposons. 
The transposition of resistance genes by transposable elements could move 
them to plasmids that are either conjugal or mobilizable. In either case, once the 
resistance gene is on a plasmid, it is more easily moved to other cells through 
conjugative genetic exchange. This type of gene movement by transposition would 
further allow the resistance gene a better chance for survival following conjugal 
transfer. Once in the recipient cell, the DNA would have the ability to transpose 
to the host genome should the plasmid be unstabile in the recipient. This would 
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avoid piasmid incompatibility and instability as seen in some conjugal transfers 
across the Gram-negative - Gram-positive barrier. 
Conjugative Transposons. Although most conjugation studies have involved 
conjugative plasmids, increasing reports over the last several years have 
demonstrated that conjugation can also be directed by a group of large 
transposons. These transposable elements have the ability to excise and insert 
like the insertion elements and carry detectable markers like the composite 
transposons. However, the conjugative transposons additionally have the ability 
to transfer from one cell to another through a conjugation-like event. This group of 
elements are referred to as the conjugative transposons (Franke and CleweU, 
1981). 
These transposons were initially detected in a strain of Enterococcus faecalis 
(Franke and Clewell, 1981). While studying a multiple-resistant strain of E. 
faecalis, a chromosome-borne element was foimd that conjugally transferred a 
tetracycline resistant phenot5rpe to the recipient. The transfer was also found to 
be a pheromone-independent event, unlike many of the typical plasmid-mediated 
conjugal transfers studied in the streptococci. The element was eventually found 
to be a 18 kb transposon with conjugal properties, and was designated l!n916 
(Franke and Clewell, 1981). 
Elements similar to UnGlS were further demonstrated to exist in other 
isolates oiE. faecalis, including TnSiS (Clewell et al., 1985) and Tn925 (Christie 
et al., 1987). Similar conjugal elements were also foimd in species of streptococci 
(Inamine and Burdett, 1985; LeBouguence et al., 1984) and even among the 
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Clostridia (Hachler et al., 1987). Interestingly, these elements all encoded 
tetracycline resistance. The resistance determinant involved was the tetM. gene 
resulting in ribosomal modification. 
Another of these elements, Tni545, was isolated from Streptococcus 
pneumoniae and has been the subject of several studies. In addition to 
tetracycline resistance, Tni545 carries genes encoding resistance to kanamycin 
and erythromycin. Upon sequence analysis, the ^ e^M genes of Tn9i6 and Tni545 
show extreme similarities. The sequential similarities extend to the termini of the 
two transposons which were shown to be essentially identical (Clewell, 1990). 
Several other conjugative transposons have been isolated fi:om members of the 
Gram-positive cocci that also show extensive homology to Tn926 (Clewell and 
Flannagan, 1993). Due to the increasing number of these similar elements, the 
term Tn9i6-like transposon has been used to define new isolates of conjugative 
transposons with structural and functional similarities to Tvi916. 
In addition to being self transmissible, Tn916 can also mobilize other DNA. 
Naglich and Andrews (1988b) demonstrated the ability of Tn9i6 to mobilize the 
nonconjugative plasmids pC194 and pUBllO between different Bacillus species. 
These findings are significant in that these two plasmids are common Gram-
positive cloning vectors. Furthermore, Torres et al. (1991) showed Tn925, a 
conjugative transposon with extreme similarity to TnS 16, was able to mobihze 
chromosomal markers during conjugative matings. As discussed earlier, this 
ability to mobihze DNA increases the amount of DNA transferred and could lead 
to mobilization of multiple resistance genes.. 
Tn9i6 has been the subject of several investigations and has been well 
studied in the laboratory (for a recent review, see; Clewell and Flannagan, 1993). 
It has become the prototype element for the family of conjugative transposons. 
The conjugal host range of Tn916 has proven to be extremely broad, 
encompassing 25 genera representing both Gram-positive and Gram-negative 
bacteria, aerobic as well as anaerobic bacteria and environmental as well as 
pathogenic organisms (Clewell and Flannagan, 1993). Upon entry into the 
recipient, Tn916 appears to be unaffected by restriction systems and inserts into 
the host genome, avoiding the problems of incompatibility and instability seen in 
plasmid-mediated conjugation. Once in the host, Tn916 is very stabile, even in the 
absence of tetracycline selection (Naglich and Andrews, 1988a). TnS 16 has 
proven to be a versatile and extremely promiscuous transposable element for 
which new hosts are constantly being reported. Due to its broad conjugal abilities, 
Tn916, as well as the rest of this transposon family, may contribute considerably 
to the dissemination of antibiotic resistance genes among bacteria both in animals 
as well as in the environment. 
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CHAPTER 2. Tnflie-MEDIATED GENETIC EXCHANGE IN SOIL 
A paper in press in the Journal Soil Biology and Biochemistry 
Bradley J. Haack, Robert E. Andrews Jr. and Thomas E. Loynachan 
Summary- In sterile soil, 1n916 was observed to transfer between Bacillus 
subtilis and Bacillus thuringiensis subsp. israelensis at an average frequency of 
2.1 X 10"^ conjugants per donor. Moreover, transfer of Tn916 between 
Enterococcus faecalis, from which Tn9i6 was originally isolated," and B. 
thuringiensis was demonstrated at an average frequency of 2.3 x 10"®. The ability 
of Tn9i6 to transfer between B. subtilis and B. thuringiensis was evaluated over 
varying conditions of soil moisture (2 - 13%), temperature (-20° - 45° C), pH (3.8 -
9.2) and nutrient levels (0 - 2.5 mg g brain heart infusion). Conjugal transfer of 
UnQlG was observed over the entire range of moisture conditions with maximum 
rates in the range of 2 - 5%, whereas transfer was restricted to temperatures in 
the range 18° to 37° C (optimum of 30° C). Transfer of the transposon was 
restricted to pH values ranging from 6 - 8.9 but within this range, pH had minimal 
effect on transfer frequency. Increasing nutrient levels enhanced conjugal 
transfer of Tn9i6 throughout the range tested. Finally, besides conjugal transfer, 
mobilization of the nonconjugal plasmid pC194 by Tn9i6 was observed in a soil 
environment at an average frequency of 2.0 x 10"®. These results suggest that 
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transposon-mediated genetic exchange between bacteria may facilitate transfer 
of antibiotic-resistance determinants as well as other nonconjugal DNA in soil. 
INTRODUCTION 
There has been increasing interest in gene transfer and the acquisition of 
antibiotic resistance by bacteria in the environment. Particular emphasis has 
been placed on release of genetically engineered microorganisms (GEMs). One 
concern is that, once a GEM is introduced into the environment, the engineered 
DNA may be acquired by resident microbes resulting in disruption of the 
ecosystem homeostasis. This may be particularly significant if the newly 
acquired DNA provides a selectable advantage to the recipient (Stotzky and 
Babich, 1986). 
In nature, the most important method by which a wide range of bacteria 
exchange DNA seems to be conjugation (van Elsas, 1992). In Gram-positive 
bacteria, particularly within the genera Streptococcus and Enterococcus, conjugal 
genes firequently occur on plasmids and on conjugative transposons (Clewell, 
1990). Along with encoding conjugal functions, these elements often carry 
antibiotic- or heavy metal-resistance genes, as well as genes encoding resistance 
to bacteriocins. 
Conjugal elements may be, in part, responsible for the increase in 
pathogenic bacteria showing multiple resistance to many common antibiotics 
(Clewell, 1990). The soil ecosystem is rich with antibiotic-resistance genes due to 
the prevalence of antibiotic-producing organisms. Some conjugal elements could 
transfer these genes from soil organisms to other bacteria. The mobilization of 
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resistance genes to a pathogenic organism could result in an antibiotic-resistant 
infection (Clewell, 1990). Multiple antibiotic-resistance in infectious organisms 
may, at least in part, have developed through exposure to resistance genes from 
terrestrial organisms carried on or mobilized by conjugal elements. 
Tn926, originally isolated from a dental isolate of Enterococcus faecalis, 
encodes resistance to tetracycline (^e^M) (Franke and Clewell, 1981). Tn916 
conjugally transfers to a wide variety of Gram-negative and Gram-positive 
bacteria and, thus, may spread tetracycline resistance to susceptible recipients 
(Clewell, 1990). Besides conjugal transposition, Tn9i6 and related transposons 
induce mobilization of nonconjugal genetic elements carried on plasmids, such as 
pC194, pE194, pUBllO and pAM401, or the donor chromosome (Christie et al., 
1987; Flannagan and Clewell, 1991; Naglich and Andrews, 1988b). Thus, beyond 
transmission of tetracycline resistance, Tn9i6-like elements may mobilize a 
broad range of other genetic information. Showsh and Andrews (1992) further 
showed that the frequency of TnSi^-mediated transfer is increased in the 
presence of tetracycline. 
E. faecalis is a common inhabitant of the mammalian gut and present in 
relative high numbers in the feces. Moreover, it is known that a high proportion of 
the isolates (up to 80%) are resistant to tetracycline (Knudtson and Hartman, 
1993). Thus, when fecal material or sewage wastes are introduced into the soil, 
TnQlG may become a factor in gene transfer in the environment as weU as in the 
dissemination of nonconjugal DNA from GEMs. 
In the laboratory, Tn926 matings are usually performed on nitrocellulose 
membranes (Franke and Clewell, 1981; Naglich and Andrews, 1988a; 1988b). 
Conjugal transposition and Tn9i6-mediated plasmid mobilization occur only when 
the donor and recipient are impinged on a solid surface; transfer in broth has not 
been observed (Naglich and Andrews, 1988a; 1988b). Presumably, the matrix of 
the membrane serves as a medium that brings the cells into contact so DNA 
transfer can occur; the Tn926-like transposons lack mechanisms that bring the 
mating pairs together (Clewell, 1990). Because there has been some suggestion 
of Tn9i6-mediated conjugal activity in soil (Natarajan and Oriel, 1992), it is 
feasible that soil particles may provide the same function as a membrane. Once 
in the soil, Tn9i6-mediated transfer may occur within a certain range of 
environmental conditions adding fluidity to the gene pool and allowing 
dissemination of nonconjugal DNA. We have explored the possibility of Tn916-
mediated genetic exchange in the soil environment. 
MATERIALS AND METHODS 
Bacterial strains and media 
The donors used to detect conjugal transfer were Bacillus subtilis AN861, B. 
subtilis AN883 (Naglich and Andrews, 1988b) and Enterococcus faecalis CGllO 
(Gawron-Burke and Clewell, 1982). All three donors carry a single copy of Tn9i6 
encoding resistance to tetracycline. Moreover, AN883 carries the plasmid pC194 
that is mobilized by Tn916 and encodes resistance to chloramphenicol. Plasmid 
pC194 is a small (2.9 kb) nonconjugal plasmid originally isolated from 
Staphylococcus aureus that replicates in members of the genus Bacillus. The 
recipient, B. thuringiensis subsp. israelensis AN142, is resistant to neomycin 
(Naglich and Andrews, 1988a; 1988b). 
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Cultures of the donor and recipient were grown in 100 ml of Luria-Burtani 
broth (LB; Maniatis et ai, 1982) at 30° C on a rotary shaker (200 rev min~l) to 
mid-exponential growth phase (A0OO = 0.6). The LB growi;h medium for the 
donors contained tetracycline (10 jig ml~l); the AN883 growth medium contained 
both tetracycline and chloramphenicol (10 |ig ml~l; Showsh and Andrews, 1992). 
All antibiotics were obtained from Sigma Chemical Company (St. Louis, MO). 
Agar plates of LB medium contained 1.5% agar (Difco, Detroit, MI). 
Soil 
The soil used in all experiments was a Dickinson aeolian sand (coarse-loamy, 
mixed, mesic Typic Hapludolls) obtained from the upper 30 cm of a soybean field 
[Glycine max (L.) Merr.] 3 km southeast of Ames, L\. The sample was sieved 
through a 1-cm screen to remove debris and stored at 4° C until used. The soil had 
an initial pH of 7.4 and 1.8% organic matter. The water content of the soil at 33 
kPa was 7.5% (w w"!). The texture of the test soil was also determined (93.5% 
sand, 1.2% coarse silt, 1.3% fine silt, 4.0% clay). 
Soil sterilization and preparation 
To prepare the soil for mating experiments, samples were air-dried for 7 
days at room temperature and dispensed into 250 ml flat-bottom centrifuge 
bottles (100 g per bottle). The soil samples were autoclaved twice at 121° C for 2 
h with an overnight cool-down period between sterilization cycles. Sterility of the 
soil was confirmed by plating samples onto LB agar without selection. Once 
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sterile, the water content was adjusted by adding sufficient sterile water, taking 
into account the water contained in the culture inoculant, to obtain the desired 
moisture content. After addition of the water, the samples were held at 30° C for 
24 h before inoculation. 
Matings in sterile soils 
liquid cultures of the donor and recipient were used to inoculate the soil in 
250 ml bottles. Before soil inoculation, the cells were washed to remove 
antibiotics as described previously (Showsh and Andrews, 1992). For inoculation, 
1 ml of the recipient culture was added to the soil followed immediately "by 1 ml of 
the donor; after inoculation, each bottle contained approximately IxlO'^ CFU of 
donors and/or recipients. Bottles containing inoculated soil were rolled gently for 5 
min to mix the inoculum and incubated at 30° C for 24 h. After incubation, the 
bacteria were recovered from the soil by adding 50 ml of sterile LB broth and 
shaking the sample by hand. Aliquots were diluted then spread onto LB agar 
plates with appropriate selection. Selection for AN861 and CGI 10 donors was on 
agar medium containing tetracycline (10 (ig ml~l); the selective mediimi for the 
AN883 contained tetracycline and chloramphenicol (10 }ig ml~l). Selection for 
recipients was accomplished on LB agar containing neomycin (200 jig ml~l). The 
medium for selection of the conjugants included tetracycline and/or 
chloramphenicol (10 |ig ml~l) and neomycin (200 |ig ml~l). After an overnight 
incubation, the colonies were enumerated and results expressed as conjugants per 
output (post-mating) donor as described by Showsh and Andrews (1992). 
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Matings were performed in the presence of DNase (Sigma), which was added 
in sterile water to give a final concentration of 40 mg g~l. To assure that the 
DNase remained active in the soil environment, a sample of plasmid pUC19 (5 jag; 
BRL Life Technologies, Gaithersburg, MD) was mixed with 10 mg of soil and 
incubated at 37° C for 30 min. After incubation, the sample was analyzed by 
using agarose gel electrophoresis (0.8% agarose; Maniatis et al., 1982). Finally, to 
assure that AN142 isolates were indeed the resvdt ofTnQ 16 transfer, rather than 
the result of a double mutation event, parallel experiments were conducted in 
which the sterile soil contained only the donor or the recipient, not both. AU 
conjugants were identified as B. thuringiensis by using the method of Naglich and 
Andrews (1988a). 
Matings in nonsterile soils 
To evaluate the effect of background soil microflora, matings were conducted 
in nonsterile soil in previously sterilized 250 ml bottles. In these studies, soil 
samples were collected, air dried, then stored at 4° C until used in the experiments. 
The soil moisture was adjusted to 7.5% by using sterile distilled water and 
equihbrated for 2 wk at 30° C before inoculation. Then, the donor {B. subtilis 
AN861) and the recipient (B. thuringiensis AN142) were added to the sample to a 
final concentration of approximately 1x10^ CFU per bottle. The samples were 
incubated for 24 h at 30° C.. CeU recovery and conjugant selection were done as 
described for sterile soil, except that the LB agar used was supplemented with 
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nystatin (50 jig ml-1) and cycloheximide (100 |ig ml"!) to suppress fiingal growth 
during the selection process. 
Adjustment of environmental parameters 
The effect of environmental parameters on matings was evaluated in 100 g 
portions of sterile soil in 250 ml bottles as described for matings in sterile soil. 
After environmental variables were established, the donor {B. subtilis AN883) and 
the recipient {B. thuringiensis AN 142) were added to a final concentration of 
approximately 1 x 10*^ CFU per bottle. Samples were incubated for 24 h at 30° C 
except for the temperature incubation study; in these experiments, the 
temperature was varied both during the eqmhbration and mating incubations. 
The recovery of donors, recipients and conjugants was performed as described for 
sterile soil matings. 
For moisture studies, varying amounts of sterile distiUed water were added 
to each bottle; the final moisture contents, including the water contained in the 
inoculant, were 2-13% (w w~l). These samples were eqiailibrated for 24 h at 30° C 
before inoculation with donor and recipient cells. 
To evaluate the effects of temperature in the mating, sample bottles were 
adjusted to 7.5% moisture and incubated at the experimental temperatiare (-20° to 
45° C) 24 h before inoculation. 
To amend the nutrient content of the sterile soil samples, powdered brain-
heart infusion (Difco) was added to sterile distilled water used for moisture 
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adjustment. The amount of nutrients added varied from 0.5 to 2.5 mg g~l of soil. 
These samples were stored 24 h at 30° C before inoculation. 
For adjustment of soil pH, sterile soil samples, were amended with either 
Ca(0H)2 or Al2(S04)3 (Fisher Scientific, Fair Lawn, NJ). After pH adjustment, 
soil samples were held at 4° C for 2 wk before inoculation. The final pH of each 
sample, which ranged fi-om 3.9 to 9.2, was determined in a 2:1 (waterrsoil) mixture 
by using a glass electrode at the time of inoculation. 
RESULTS AND DISCUSSION 
Tn916 transfer in sterile and nonsterile soil 
Tn916 transfer between B. suhtilis AN861 and B. thuringiensis AN142 was 
observed at an average frequency of 2.1 x 10"^ conjugants per donor in sterile soil. 
To assure that the putative conjugants did not result from spontaneous mutation, 
parallel experiments were conducted in which sterile soil was inoculated with 
either the donor or recipient and subjected to the mating conditions; spontaneous 
mutation to double antibiotic-resistance was not observed (detection limits < 1 x 
10"^). To confirm that the observed genetic exchange was the result of 
conjugation and not transformation, all matings were repeated in the presence of 
DNase. The presence of DNase in the soil had no effect on the mating. To assure 
that the DNase remained active throughout, a post-mating sample of the DNase-
treated soil was mixed with the plasmid pUC19. After incubation, the plasmid 
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mixed with soil containing the enzyme was extensively degraded, whereas intact 
plasmid was readily detected in control (DNase-free) samples (data not shown). 
To better understand the role of soil microflora and enz3anatic composition 
on TnSifi-mediated conjugal transfer, parallel matings were performed in native 
(nonsterile) as well as sterile soil. In native soil, Tn9i6 transfer was observed at 
an average frequency of 6.2 x 10"^. Thus, Hn916 transfer was observed at 
frequencies very similar to those in sterile soU. This residt is in contrast to other 
observations. Krasovsky and Stotzky (1987), for example, showed that, in 
Escherichia coli, the frequency of conjugal plasmid transfer was higher in sterilized 
soil than in nonsterile soil. In matings using a recombinant IncQ plasmid, conjugal 
•transfer among Pseudomonas fluorescens isolates was approximately 100-fold 
greater in sterile as opposed to nonsterile soils (Smit et al., 1993). 
Previous observations demonstrated that, besides conjugal transposition, 
Tn916 mediates mobilization of the nonconjugal plasmid pC194 from B. subtilis 
to B. thuringiensis (Naglich and Andrews, 1988b). To assess the ability of Tn926 
to mobilize plasmid DNA during conjugation in soil, B. subtilis AN883 (Chr::Tn9i6, 
pC194) was mated with B. thuringiensis AN142 in sterile soil. In these 
experiments, Tn916 conjugal transposition was. observed at an average frequency 
of 1.8 X 10"^. Tn926-mediated transfer of pC194 was observed at an average 
frequency of 2.0 x 10"® conjugants per donor. Moreover, simultaneous transfer of 
both Tn9i6 and pC194 was observed at an average frequency of 6.4 x 10""^. 
Presence of pC194 in the conjugants was confirmed by DNA extraction and gel 
electrophoresis (Fig. 1). 
33 
Plasmid pC194 is a small, nonconjugal plasmid originally identified in 
Staphylococcus aureus. This plasmid replicates by a single-stranded mechanism 
and the DNA sequence of pC194 has been reported (Horninouchi and Weisblum, 
1982). Moreover, pC194 has been suggested as a possible cloning vector in the 
genus Bacillus (Ehrlich et al., 1982). Plasmid pC194 evidently lacks Mob 
functions such as open reading frame (3 of pUBllO. Open reading frame P is 
reqvdred for mobilization of pUBllO by pLS20 of B. subtilis natto (Koehler and 
Thome, 1987). Thus, although the mechanism of Tn9i5-mediated plasmid 
transfer is not known, it is evidently distinctive from that of transfer mediated by 
conjugal plasmids such as pLS20, based on its Mob independence. 
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Figure 1. Ethidium bromide-stained 0.8% agarose gel of plasmid extracts from 
putative conjugants. (Lane DHindlll digested X DNA; (Lane 3) pC194; (Lane 4) 
plasmid extract fromS. thuringiensis AN142; (Lanes 6-8) plasmid extracts from 
putative conjugants arising from independent soil matings between B. subtilis 
AN883 andS. thuringiensis AN142. 
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It was of interest to use a Tn926 donor that may be commonly introduced 
into the soil ecosystem. Present fertihzation practices allow fecal material with 
high concentrations of intestinal microorganisms to be deposited onto agronomic 
soils. Therefore matings were performed using E. faecalis, a common inhabitant of 
mammahan fecal material, as the donor. The recipient remained B. thuringiensis 
AN142. In sterile soil, Tn916 transferred from E. faecalis at a frequency of 2.3 x 
10"® conjugants per donor. Tetracycline resistance has been shown to be common 
in isolates of E. faecalis from domestic animals (Knudtson and Hartman, 1993). 
Thus, because waste-containing sludge is often spread on agricultural fields as 
fertihzer, this may be a route by which Tn926 and other conjugal elements make 
their way into the soil populations. Moreover, at least with enterococci of non-
fecal origin, a substantial portion of the tetracycline-resistant enterococcal 
isolates contain Tn9i6-like sequences of DNA (Bentorcha et al, 1992; Clermont 
and Horaud, 1990). 
Interestingly, in this soil environment the frequency of T!n916 transfer is 
comparable to that seen when transfer takes place on a nitrocellulose membrane 
(Naglich and Andrews, 1988b; Showsh and Andrews, 1992). In these previous 
studies, Tn9i6-mediated conjugal transfer between B. subtilis and B. thuringiensis 
was typically observed at a frequency of approximately 10'^ conjugants per 
donor, pC194 at 10"® conjugants per donor and simultaneous plasmid and 
transposon transfer at 10""^ conjugants per donor. In matings between E. faecalis 
andB. thuringiensis, conjugal transfer of Tn9i6 typically occurs at frequencies of 
10"® conjugants per donor (Naglich and Andrews, 1988a; Showsh and Andrews, 
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1992). This is noteworthy considering the difference in surface area presented by 
the two different mating matrices. 
Several lines of evidence support the conclusion that Tn9i6-mediated 
genetic exchange in soil is a conjugation-like event. (a) TnSIS-mediated 
conjugation is DNase insensitive, (b) B. thuringiensis is not naturally 
transformable and (c) the event is dependent on Tn92ff; pC194 transfer was not 
observed in the absence of Tn9i6 (data not shown). 
Environmental parameters 
Having demonstrated Tn9I6-mediated genetic exchange in soU, it was of 
interest to examine the effect of various soil conditions on this transfer. 
Accordingly, conjugal transposition of Hn916 was examined in sterile soil over 
varying environmental conditions. 
(i) The moisture content of soil samples was adjusted within the range of 2 
and 13% and the effect of these changes on conjugal transposition was examined 
(Table 1). Reduced soil moisture (2-3%) consistently resulted in conjugal 
transposition frequencies three- to four-fold greater than those observed at 
increased moistures. Importantly, however, transfer was detected at aU moisture 
levels tested. 
Because of the high sand content of the soil, field capacity (33 kPa), which is 
thought to be near ideal for a wide variety of microbial activity, was at 7.5%. In 
such a soil, water is less tightly boimd by the soU and more likely available for 
microbial activity at amounts as low as 2%. Thus, one would expect physiological 
activity at lower moisture contents than in soils with greater silt and/or clay 
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content. The increased conjugal activity at reduced moisture levels might result 
from the liquid phase being in closer proximity to the soil particles thus increasing 
contact between donor and recipient cells. This would cause the donor and 
recipient cells to be pooled into fewer water-containing microcosms at greater cell 
densities. Alternatively, increased moistures may reduce the oxygen penetration 
into the soil, thus limiting growth of the Bacillus species used in the present study, 
but we feel this is tmlikely in the sandy soil. These results are comparable with 
those of Richaume et al. (1989), who studied the effect of soil moisture on transfer 
of pBLKl-2 between E. coli and Rhizobium fredii. In that report, optimum 
plasmid transfer was observed in drier soils. 
(ii) The nutrient content of a soil can vary widely (Paul and Clark, 1989). To 
evaluate the effect of nutrient concentration on conjugation, donor and recipient 
cultures were inocxolated into soil samples with amended nutrients. Significantly, 
conjugation was detected over the entire range of amendments (Table 2) but the 
frequency of transfer increased as nutrient amendment increased. 
Because soil is often nutrient-limited for bacteria (Stotzky, 1974), 
amendment of the test soil might (a) improve the physiological state of the donor 
and/or recipient, thus increasing conjugation rate, or (b) sustain the physiologic 
state for a longer period, thus providing extended opportunity for conjugation. The 
amendment, albeit artificial, should mimic natxiral occurrences, such as when 
plant material or animal wastes are introduced into the soil. These results are 
comparable with those of Rochelle et al. (1989), who observed increased conjugal 
transfer of mercury resistance plasmids as the organic nutrient content of the 
mating medium increased. In another example, the addition of nutrients to soil 
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caused increased conjugation frequencies of pFT30 transfer between B. cereus and 
B. suhtilis (van Elsas et al., 1987). 
(ill) Temperatures in the upper few centimeters of soil can vary 
considerably depending on the time of year and meteorological conditions. In these 
studies, Tn916 transfer was detected only between 18° C and 35° C (Table 3), 
with an optimum occurring at 30° C. The optimum temperature resulted in a 
frequency three-fold greater than at any other temperature tested. 
The temperature resulting in maximum transfer frequency approximates 
the optimum growth temperature for the Bacillus species used. Thus, it may be 
that high metabolic activity in the donor and/or the recipient enhances (or is 
•required for) conjugation. Alternatively, the cell-to-cell interaction may be 
temperature dependent. E. coli conjugal mating-pair formation is inhibited at 
temperatures below 24° C, possibly due to an inability of the pilvis to attach to the 
recipient cell (Wamsley, 1976). Tn916 conjugation may involve a temperature 
dependent surface-attachment mechanism that is restricted to a temperature 
range of 18 to 35° C; such temperatures would occur during summer months in 
agronomic soils. Richaimie et al. (1989) examined the effects of soil temperature 
on transfer of pBLKl-2 between E. coli and Rhizobium fredii. The results 
presented here are comparable with those obtained with pBLKl-2, except that 
the optimum temperature for transfer with Tn9i6 was 30° C as opposed to 20° C 
in the plasmid study. 
(iv) Soil pH is a factor that may be quite variable depending on the type of 
soil and site chosen. To assess the ability of 1n916 to transfer in soils of different 
pH, a series of soil samples with altered pH values was inoculated with donor and 
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recipient cultures (Fig. 2). Conjugation was only detected in the pH range of 5.95 
to 8.83. Outside of this range, transfer frequencies fell below detectable levels. 
The data represent 30 independent matings in samples of test soil with amended 
pH values. 
Our observations parallel those for E. coli conjugal plasmids in soil where 
frequencies increased as pH neared neutraUty (Krasovsky and Stotzky, 1987). 
Richaume et al. (1989) examined the effects of soil pH on transfer of pBLKl-2 
between E. coli and Rhizohium fredii. In that study, increasing pH (pH 4.5 to 7.3) 
resulted in higher conjugation frequencies. Evidently, Tn916 conjugation occurs 
over a narrower range, but with in that range, pH has a less pronounced effect. 
Presumably, this decrease results from a weakening of the physiological state of 
the cells or a destabilization of the interaction between the mating pairs. 
The data presented here clearly shows the ability of Hn916 to conjugally 
transfer and mobilize plasmid DNA between common soil Bacillus species within 
a soil environment. Surprisingly, the frequency of transfer was comparable to 
that seen on nitrocellulose membranes. Furthermore, unlike what has been 
observed in most plasmid conjugal studies, conjugal transfer of Tn526 is 
unaffected by nonsterile conditions. Our observations further show that factors 
favoring bacterial growth (moisture, temperature, nutrient content and pH), 
increase conjugation frequencies. This data resembles observations regarding 
effects of environmental conditions on plasmid transfer in soil. It now seems clear 
that if introduced into soil bacteria, Tn5i6 could mediate conjugal transfer and 
DNA mobilization between the native soil flora. 
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Figure 2. The effect of soil pH on conjugal transfer of Tn916. The pH of the soil 
mixture was adjusted as described (see Materials and Methods) and donors (B. 
subtilis AN861) and recipients (B. thuringiensis AN142) were added to the 
mixture. Overnight incubation was at 30° C. Conjugation frequency is expressed 
in conjugants/output donor. Values at 10 ® indicate below detection limits. 
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As discussed by Smit et al. (1993), reports of conjugal plasmids in the 
environment are not uncommon (Bender and Cooksey, 1986; Diels et al., 1989; 
Fry and Day, 1990; Hill et al., 1992; Shoemaker et al., 1992). The methodology for 
detection of plasmid DNA in an environmental isolate is a comparatively 
straightforward process (Kado and Liu, 1981; Fry and Day, 1990). Tn916, on the 
other hand, is a member of a family of similar conjugal transposons including, 
among others, Tnl545. All- the members of the Tn916 family of transposons 
identified thus far have encoded resistance to tetracycline (Clewell, 1990). 
Significantly, Tnl545 encodes, besides tetracycline, resistance to kanamycin and 
erythromycin (Courvalin and CarUer, 1987). Thus, Tnl545 leads to speculation 
regarding the existence of transposons that, although resembling Tn916, do not 
encode tetracycline resistance. Using present methodologies, such chromosome-
borne transposons are much more difficult to detect and, thus, predictions 
regarding the environmental effects of these elements are more problematic. The 
presence of Tn9i6-hke elements in the environment continues to be a subject of 
investigation in our laboratory. 
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Table 1. Effect of soil moisture on conjugal transposition of Tn925. 
% 
Moisture 
Donor*^ 
Output CFU ml-la,b 
Recipient*^ Conjugant 
Conjugants per 
output donor 
2 1.6x10'' 1.8x10® 5.7X102 3.6x10-5 
{SD± I.OXIO'^)® (SD± 1.7X105) (SD± 4.0X102) (SD± 6.7x10-®) 
3 1.2x10'^ 1.7x10® 4.6X102 3.8x10-5 
(SD± 3.0x10®) (SD± 5.6X105) (SD± 9.5xl0l) (SD± 1.1x10-5) 
5 2.8x10"^ 6.6x10® 3.6X102 1.3x10-5 
(SD± 5.5x10®) (SD± 2.3X10®) (SD± 1.0xl02) (SD± 5.7x10"®) 
7.5 5.7x10'^ 1.3X10'^ 3.3X102 5.8x10-® 
(SD±2.9X107) (SDtl.Oxlo'^) (SD± 1.2X102) (SD± 5.1x10-®) 
9 p.Sxlo'^ 2.1X10'^ 3.5X102 6.4x10-® 
(SD+ 2.3X10'^) (SD± 1.4x10^) (SD± 6.6X101) (SD± 3.4x10-®) 
11 4.5x10"^ 9.1X10® 1.8X102 4.0x10'® 
(SD+ 2.8x10'^) (SD± 3.4x10®) (SD± 6.1x10^) (SD± 2.8x10-®) 
13 7.7x10''' l.OxlO'^ 6.2X102 8.1x10-® 
(SD± 6.4x10'^) (SD± 2.8X10®) (SD± 2.7X102) (SD±l.lxlO-®) 
^Colony forming units per ml of elution broth. 
'^Entries represent average of three independent mating experiments. 
Cfi. subtilis AN861 (Chr;;Tn9;6). 
thuringiensis AN142 (neo^). 
®SD= standard deviation. 
47 
Table 2. Effect of soil nutrient amendment on conjugal transposition of Tn926. 
BHI 
(mgg-l)® 
Donor*^ 
Output CFU ml 
Recipient® Conjugant 
Conjugants per 
Output Donor 
0 2.3x10'^ 7.7x10® 4.4X102 1.9X10-5 
(SD± 2.1xl06)f (SD± 8.5X105) (SD+ 6.2xl0l) (SD+ 1.5x10"®) 
0.5 5.4x10"^ l.lxio''^ 1.3X103 2.4x10-5 
(SD± s.exio"^) (SD± 3.7x10®) (SD± 7.8X102) (SD+ 1.9x10-®) 
1.0 5.1x10"^ 9.6x10® 1.9X103 3.7x10-5 
(SD± 1.8x10'^) (SD± 8.5x10®) (SD± 1.4X103) (SD± 1.8x10-5) 
1.5 6.2x10'^ 2.1x10"^ 2.2X103 3.5x10-5 
(SD± 1.7x10"^) (SD± 3.6x10®) (SD+ 1.6x10^) (SD±1.6X10-5) 
2.0 1.0x10^ 1.9x10^ 3.3X103 3.3x10-5 
(SD± 2.3x10'^) (SD± 2.1x10®) (SD+ 2.1X103) (SD± 2.6x10-5) 
2.5 8.7x10"^ 2.1x10'^ 3.7x103 4.3x10-5 
(SD± 6.6x10®) (SD± 3.8x10®) (SD± 1.7X103) (SD+ 1.8x10-5) 
^Soil amended with BHI powder (mg gin~l of soil). 
''Colony forming units per ml of elution broth as in materials and methods. 
'^Entries represent the mean of three independent mating experiments, 
dfi. subtilis AN861 (Chr::Tn9i6). 
thuringiensis AN142 (neo^). 
%D= standard deviation. 
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Table 3. Effect of soil temperature on conjugal transposition of Tn5i6. 
Temp^ 
Donor*^ 
Output CFU ml-lb,c 
Recipient® Conjugant 
Conjugants per 
Output Donor 
-20 4.7X104 3.2x10^ NDS -
(SD± 3.2xl04)f (SD± 1.4X105) 
4 1.4X105 4.7x10^ ND -
(SD± 1.2X105) (SD± 3.0X105) 
10 7.7X10^ 4.5x10® ND -
(SD± 1.9X105) (SD± 2.4x10®) 
18 8.9X106 1.3x10® 4.9xl0l 5.5X10'® 
(SD± 2.0x10®) (SD+ 2.1x10°) (SD± 6.7) (SD± 9.4X10"'^) 
25 1.5x10'^ 1.5x10® 1.3X102 8.7x10"® 
(SD+ 4.9X106) rSD± 2.7x10®) {SD± 1.7X10^) (SD± 3.0x10"®) 
30 2.5x10'^ 2.6x10® 7.2X102 2.9x10"® 
(SD± 8.4X10®) {SD+ 5.3x10®) (SD± 2.3X102) (SD± 1.5x10"®) 
35 4.3x10'^ 4.2x10® 2.4X102 5.6x10"® 
(SD± 4.9X106) (SD± 8.2x10®) (SD± 1.4X102) (SD± 4.3x10"®) 
40 4.2x10"^ 2.9x10^ ND -
(SD± 2.1x10'^) (SD± 2.3x10"^) 
45 2.2xl0'^ ND ND -
(SD± 1.6X10'7) 
^Incubation temperature during mating. 
^Colony forming units per ml of elution broth as in materials and methods. 
'^Entries represent average of three independent mating experiments. 
dfi. subtilis AN861 (Chr;;Tn926). 
®jB. thuringiensis AN142 (neo^). 
%D= standard deviation. 
SND= not detected. 
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CHAPTER 3. ISOLATION OF TnOlS-LlKE ELEMENTS FROM SWINE 
LOT EFFLUENT 
A paper submitted to the Journal Applied and Environmental Microbiology 
Bradley J. Haack and Robert E. Andrews Jr. 
ABSTRACT 
Tn926 is a broad host range conjugal transposon, originally isolated from 
Enteroeoccus faecalis, that encodes tetracycline resistance In addition to 
being self transmissible, 1x1916 has been shown to mobilize non-self-transmissible 
genetic elements, such as plasmids or chromosomal genes. With increased 
awareness and concern about genetic exchange ia the environment, it was of 
interest to examine isolates of E. faecalis that contact environmental organisms 
for genetic elements similar to Tn9i6. Outflow samples obtained from an Iowa 
State University swine farrowing house were used to isolate E. faecalis for fiirther 
study. Of the enterococci isolated, 71% were found to be resistant to tetracycline. 
To screen these isolates for conjugal activity, a microassay mating procedure was 
developed. Among the tetracycline-resistant enterococci isolated from the outflow 
samples, approximately 34% were able to transfer the tetracycline resistance 
phenotype to Bacillus thuringiensis. The frequencies of transfer for 10 random 
isolates were determined to be near those for transfer of Tn9i6 from E. faecalis to 
B. thuringiensis. Furthermore, these elements were shown to be able to mobilize 
plasmid DNA between Bacillus species. It was also shown that these conjugal 
elements were capable of transfer to a Bacillus recipient in a soil environment. 
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Southern blot and PGR analysis showed these elements to share extensive 
structural homology with 1r\916 and are hence referred to as Tn9i6-like elements. 
INTRODUCTION 
Mialtiple antibiotic resistance among bacteria is becoming an increasing 
problem in the medical and veterinary fields. Strains resistant to virtually all 
commonly used antibiotics have been isolated from nosocomial infections (16, 17). 
Most wiU agree that the misuse and overuse of common antimicrobials probably 
contributes to this problem (12). Although selection for resistant popiilations is a 
serious problem, if these resistant phenotypes become linked to, or mobilized by, 
conjugal elements, a far more serious situation is created. Such a case becomes 
particularly significant if the resistance is transferred with multiple other 
resistance genes or if these genes are mobilized to a pathogenic organism. For this 
reason, conjugal elements may be, in part, responsible for the recent increase ia 
pathogenic bacteria showing multiple resistance to many common antibiotics. 
A wide range of bacterial genera participate in conjugative genetic 
exchange. Conjugation requires a series of genes encoding transfer functions. 
Among Gram-positive bacteria, particularly within the genera Streptococcus and 
Enterococcus, conjugal genes frequently occur on plasmids as well as on 
transposons (2). Besides encoding conjugal functions, these elements often carry 
antibiotic-resistance genes, as well as genes encoding resistance to heavy metals 
and bacteriocin production. Therefore, when these conjugal elements transfer to 
another cell, they not only transfer the conjugal functions, but also any additional 
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genes they carry. Some of these elements are known to carry multiple antibiotic 
resistance genes. 
The conjugal transposon Tn9i6 was originally detected in a dental isolate of 
Enterococcus faecalis and encodes resistance to tetracycline (4). Tn916 is a 
well-studied example of a family of conjugal transposons including Tn^iSCTet'^), 
Tn925(Tet^), TniJ^SCTef^, Erm^, Neo^) and several others that are known to 
conjugally transfer antibiotic resistance genes. Tn916 has an extremely wide host 
range (7, 8, 18). The known recipients for Tn9i6 include members of many 
different genera including both Gram-positive and Gram-negative species. In 
addition to being self-transmissible, Tn9i6-like transposons also mobilize other 
nonconjugal DNA in the form of plasmid (15) or chromosomal DNA (20). If this 
normally nonconjugal DNA contains drug resistance genes, the potential for the 
development of multiple resistance is obvious. 
Previous work has shown that Tn916 conjugally transfers and is able to 
mobilize plasmid DNA in soil (6). Due to the common nature of antibiotic-
producing organisms in soil, it is a logical assumption that there also must exist 
organisms that possess resistance genes. These native resistance genes in the 
soU might contribute to multiple resistance if mobilized by conjugal elements. 
Because elements such as Tn916 have the ability to mobilize DNA, if Tn9i6-like 
elements are introduced into the soil environment, the potential for mobilization of 
resistance genes exists. 
The greatest impact on genetic mobility in the soil may occur in agricultural 
fields fertilized with animal waste. The ubiquitous nature of E. faecalis in 
mammalian fecal material make this microbe a possible vector for the delivery of 
conjugal elements into soil populations. Once in the soil ecosystem, conjugal 
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elements may provide fluidity to the gene pool, allowing the mobility of antibiotic 
resistance genes that might, in turn, be reintroduced into animal normal flora 
and/or pathogens. For this reason, it was of interest to examine isolates of this 
organism for conjugal elements similar to Tn9i6. 
The goal of this research was to examine the extent of conjugal tetracycline 
resistance elements similar to T!n916 present in swine lot outflow and to assess 
the risk posed by the presence of such elements to the stability of the soil genetic 
pool by their abiHty to transfer and mobiUze DNA in soil. 
MATERIALS AND METHODS 
Isolation ofEnterococci 
An outflow sample was obtained from an Iowa State University hog 
farrowing house. The sample was diluted and pour plates were prepared. To 
determine total culturable bacteria, brain heart infusion agar (BHD (Difco, 
Detroit, MI) was ;ised. For total cultxirable tetracycline resistant bacteria, the 
BHI was supplemented with 10 jxg/ml tetracycline (Sigma Chemical Company, 
St. Louis, MO). For enmheration and isolation of enterococci, poiar plates weire 
prepared with KF Streptococcus agar (KF) (Difco). This medium was 
supplemented with 10 [ig'ml tetracycline to isolate tetracycline resistant (Tet^) 
enterococci. Incubation of all plates was at 37° C for 48 h. From the KF (tet) 
agar plates, 100 typical Tet^ enterococci were selected for conjugal studies and 
confirmed to be enterococci by the method of Knudtson and Hartman (9). 
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Determination of Conjugal Activity 
To determine if the tetracydine resistance within the enterococcal isolates 
was conjugal, a microassay was devised to allow screening of the large number of 
isolates efficiently. The 100 enterococcal isolates were grown overnight on Luria 
Burtani (LB) (13) agar plates with selection (10 [ig'ml tet). A colony from the 
overnight plate was mixed on a nitrocellulose membrane (0.45fi) (MiUipore, 
Bedford, MA) with a colony from an overnight LB agar culture of a selectable 
recipient. The recipient used in these experiments was Bacillus thuringiensis 
subsp. israelensis AN142 (Neo'', 200 jig'ml) (15). The membrane contaixiing the 
mating mixture was placed on a BHI agar plate without selection and incubated 
24 h at 37° C. Conjugants were detected by isolation streak of the mating mixture 
onto LB agar supplemented with 10 ^ig'ml tetracycline and 200 iig^ml kanamycin 
(Sigma). Following identification by the microassay, conjugal activity of 10 
conjugation positive isolates was confirmed, and frequencies of transfer 
determined, by the conventional mating method of Naglich and Andrews (14). 
As a positive control for conjugal transfer, E. faecalis CGllO (Chr::Tn926) 
(5) was mated with AN142 by the microassay technique. The frequency of Tn916 
transfer was also determined by the method of Naglich and Andrews (14). To 
assure that the putative conjugants did not result from spontaneous mutation of 
the recipient to tetracycline resistance, AN142 was incubated separately on a 
membrane, followed by isolation streak onto LB with selection (10 |ig/ml tet, 200 
(ig/ml kan). Spontaneous mutation was not detected during any mating 
performed. 
Soil matings between the Enterococcus isolates and B. thuringiensis AN142 
were carried out by the method of Haack et al. (6). 
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Plasmid mobilization by the conjugal isolates was detected by moving the 
conjugal tetracycline resistance elements from the Enterococcus isolates, into B. 
subtilis AS424 [pC194 (cai)] by filter mating. These strains were then mated with 
B. thuringiensis AN142. The resulting cell mixttire was plated with selection to 
detect the transposon and plasmid separately, as well as cotransfer of both 
elements. 
Southern Hybridization and PCR Analysis 
Genomic DNA was prepared from conjugants for Southern hybridization. 
Isolation of the DNA was by use of a Quiagen Genomic Tip (Qidagen, Castsworth, 
CA). Restriction digestion of the genomic DNA was carried out with the enzyme 
Hindi by using the conditions recoiomended by the manufacturer (New England 
Biolabs, Beverly, MA). The digested genomic extracts were analyzed by gel 
electrophoresis on a 0.8% (w/v) agarose gel. After electrophoresis, the gel was 
stained with ethidium bromide, and the DNA was visualized on a UV 
transilluminator. The DNA was blotted by the method of Southern et al. (19). 
Hybridization was with a plasmid probe consisting of [32p].,jATP-labeled 
pAM120, which contains Tx\916, by the method of Naglich and Andrews (14). 
Results were visualized by autoradiography. 
The polymerase chain reaction (PCR) primers utilized in the detection of 
Tn926-like sequences, were developed from the known sequence of Tn926 (3) by 
use of the Rightprimer™ PCR primer selection program (Biodisk, San Francisco, 
CA). The primers were sjmthesized by the Iowa State University nucleic acids 
facility (Ames, lA) and represent the following sequences: 
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Primer #1: 5'- TGCCGACTTAACAAGCCCC -3' 
Primer #2; 5'- TTGTAATGGAATCAACCGTCCCC -3' 
The primers amplify a 715 bp fragment within ORF 13 of Tn9i6. The assay 
made use of the GeneAmp^^' PGR kit and Perken Elmer 480 thermal cycler 
(Perkin Elmer, Roche Molecxjlar Systems, Inc., Branchbiarg, NJ). Conjugant 
genomic DNA, as prepared previously, was used in the assay. The thermal cycler 
was programmed as follows: 94° C, 1 min; (25 cycles of the following) 94° C, 1 min; 
50° C, 1 min; 72° C, 2 min; followed by 72° C, 7 min for final extension of the 
templates. The product was loaded onto a 1.8% (w/v) agarose gel for 
electrophoresis and stained with ethidium bromide for visualization. 
RESULTS 
Tetracycline Resistance 
Concentrations of culturable organisms, tetracycline resistant organisms, 
enterococci and tetracycline resistant enterococci were determined by differential 
plate counts. These results are simimarized in Table 1. The total culturable 
bacteria in the outflow sample were determined to be 5.5 x lO'^ CFU/ml on BHI 
agar. Of the total bacteria cultured, 1.6 x 10^ CFU/ml or 29% were tetracycline 
resistant. The total concentration of enterococci was determined to be 2.9 x 10^ 
CFU/ml. Although this represented only a small portion of the total cultured 
organisms, 2.1 x 10^ CFU/ml or 71% of the total enterococci were resistant to 
tetracycline. 
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Conjugal Activity 
One hundred tetracycUne-resistant isolates were screened for conjugal 
transfer of Tetf" into B. thuringiensis. When the microassay was employed, 34 of 
the 100 isolates were found to possess a conjugal tetracycline resistance gene. A 
group of 10 conjugation-positive isolates and 2 conjugation-negative isolates were 
mated with B. thuringiensis AN142 by the conventional mating protocol of 
NagUch and Andrews (14) to determine frequencies of transfer (Table 2). The 
conjugation-negative isolates showed no detectable transfer of the tetracycline 
resistant phenotype to the recipient. 
To assess the ability of the conjugal elements to transfer within the soil 
environment, the 10 conjugal isolates and 2 conjugation negative isolates were 
mated in a laboratory soil microcosm. The tetracycline resistance was seen to 
transfer from the Enterococcus donors to a B. thuringiensis AN142 recipient at 
near the same frequency as was seen for Hn916 soil transfer from CGI 10 (Table 
3). Transfer of tetracycline resistance from the nonconjugal isolates was not 
observed. 
Mobilization of plasmid DNA is an important aspect of the conjugal 
activities of Tn926. Therefore, to detect this ability among the conjugal elements 
isolated here, the 10 elements were moved into a B. subtilis strain with pC194. 
When these strains were mated with the ANri42 recipient, plasmid transfer was 
detected in all cases. The presence of the plasmid in the conjugants was confirmed 
by DNA extraction and visualization on an agarose gel (Fig. 1). Transfer of the 
plasmid was not detected when the conjugal elements were not present in the 
donor (data not shown). 
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Figure 1. Ethidium bromide-stained 0.8% agarose gel of plasmid extracts from 
conjugants. (Lane 1) Hindlll digested X DNA; (Lane 2) pC194; (Lane 3) B. 
thuringiensis AN142; (Lanes 4 - 13) extracts from conjugants resulting from 
matings with B. subtilis donors containing Tn9i6-like elements and pCl94. 
Southern hybridization of blotted conjugant genomic DNA, arising from 
filter matings between enterococcal isolates and B. thuringiensis AN142, was 
performed. The results revealed extensive homology between the pAM120 probe 
(TnSifi) and an element within the conjugant genome. Moreover, restriction 
digestion with Hindi showed the conjugant had obtained an element with 
approximately the same restriction pattern as Tn9i6 (Fig. 2). Hybridization with 
DNA extracted from AN142 showed no homology to the probe used. 
The internal sequence of the Tn9i6-like elements was further examined by 
an application of PGR. When the amplification was performed on the 10 
conjugant strains analyzed above, the results showed a band of approximately 
715 bp present in all strains tested (Fig. 3). The same band was visible when the 
58 
M 1 2 3 4 5 6  1 2 3 4 5 6  
Figure 2. Southern hybridization analysis of DNA extracted from conjugants 
arising from matings with E. faecalis containing Tn9i6-like elements. DNA 
extracts were digested with Hindi prior to gel electrophoresis. Left Panel (A) 
Ethidium bromide-stained 0.8% agarose gel of HmcII-digested conjugant DNA. 
Right Panel (B) Southern hybridization analysis of blotted DNA from (A) with 
^^P-labeled pAM120 (Tn9i6). (Lane M) i?mdIII-digested A, DNA. (Lane 1) Hindi-
digested pAM120; (Lane 2) B. thuringiensis AN142; (Lanes 3-6) HmcII-digest 
DNA extracted from conjugants from matings with E. faecalis isolates containing 
Tn926-like elements. 
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Figure 3. Ethidium bromide-stained 1.8% agarose gel of PGR amplified DNA 
from conjugant DNA extracts. (Lane 1) lOObp DNA ladder; (Lane 2) B. 
thuringiensis AN142; (Lane 3) pAM120 (InSlS); (Lane 4) conjugant from mating 
with JS. faecalis AP-2 (Chr::Tn9i6); (Lanes 5 - 12) conjugants from matings with 
E. faecalis isolates containing Tn9i6-like elements; (Lane 13) positive control, 500 
bp X DNA amplification. 
amplification was performed on pAM120 (Tn9i6) and on a conjugant arising from 
a mating with CGI 10. No amplification was seen in a genomic extract of B. 
thuringiensis AN142. 
DISCUSSION 
The dissemination of antibiotic resistance determinants among bacteria is 
becoming an increasing problem in the treatment of disease. Because most 
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antibiotics originated from soil organisms, some of the genes encoding resistance 
to these antibiotics may also have originated there. When a resistance gene such 
as that for tetracycline is acquired by a conjugal element, the gene becomes 
movable within the host range of that element. Some conjugal elements, such as 
Tn9i6, have a very broad host range. 
The enterococci were chosen for this work because they have been shown 
to possess many conjugal resistance genes (2). Furthermore, because the 
deposition of animal fecal material containing high numbers of enterococci, as weU 
as other enteric organisms, on agronomic soils is a common practice to increase 
soil fertihty, this may be a method for the introduction of conjugal genes into the 
environment. Studies have shown the ability of conjugal elements to transfer 
between organisms in the soil (21). The work presented here confirms the 
presence of conjugal resistance genes in the swine facility outflow. Depositing of 
the effluent onto the soil may provide the necessary cell contact with recipients to 
allow conjugal elements to move into the soil microflora. 
Of the total cultvired bacteria from the effluent, 29% showed resistance to 
tetracycline. The sample was obtained from the farrowing house, and tetracycline 
was not present in the feed (D. Zimmerman, Department of Animal Science, Iowa 
State University). Therefore, there was no selection for tetracycline resistant 
organisms in the waste material. It should be noted that although tetracycline 
was not in use, residual antibiotic may have been present. Even so, studies have 
shown that some resistance determinants can persist in populations, even 
without selective pressure (11). Naglich and Andrews (15) showed that TndlS is 
extremely stabile in the absence of selection. For these reasons, numbers of 
tetracycline resistant organisms in the population may remain high. More 
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interesting is the high level of resistance among the Enterococcus population. 
Clearly, there is a significant population of resistant enterococci present in the 
swine herds tested. These results are strengthened by data from Knudtson and 
Hartman (10) who found 88% tetracycline resistance among enterococcal isolates 
from swine carcasses at the time of slaughter. Furthermore, these findings are 
paralleled by those obtained for enterococcal isolations firom human sewage 
sources, showing 29% of E. faecalis isolates to possess a conjugal tetracycline 
resistance gene (data not shown). Finally, even though data presented herein 
show 71% of the Enterococcus population in the swine effluent to be resistant to 
tetracycline, these enterococci represent only 1% of the total tetracycline 
resistance within the cultiirable population. Therefore, the major portion of the 
resistant population has yet to be studied. 
Although high numbers of resistant organisms among certain populations 
of bacteria may give some grovmds for concern, the linking of the resistance to a 
conjugal element is a serious cause for concern. Using the microassay developed 
herein, the level of conjugal tetracycline resistance was determined. The assay 
was proven to be as accurate as the conventional mating method usually used. Of 
the 100 tetracycline resistant isolates tested, 34% were found to conjugally 
transfer the resistance gene. Importantly, this conjugal transfer was cross 
genera. Therefore, transfer of the antibiotic resistance would not be limited to the 
enterococci. Furthermore, the frequency of resistance transfer by the 
enterococcal isolates is comparable to that of Tn916. This indicates a conjugal 
system similar to that of the Tx^916 family of conjugal transposons. 
The hybridization of the pAM120 probe to genomic extracts from 
conjugants showed the element to share homology with UnQlG. Plasmid extracts 
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from the B. thuringiensis conjugants were unable to detect the acquisition of any 
new plasmids by these populations. Furthermore, in undigested samples of DNA 
from conjugants, the pAM120 probe was seen to hybridize to the chromosomal 
band upon visualization by autoradiography (data not shown). Taken together, 
these data indicate the likelihood of a chromosome-bome conjugal element. 
Homology between the Tn9ifi-like elements and Tn926 is further shown in 
the PGR results. The primers for the amplification were specifically designed to 
amplify a sequence within ORF 13. This sequence was chosen due to previous 
data that showed this open reading frame to be essential for conjugation, but not 
intracellular transposition (Loe and Andrews, ixnpublished data). This woiild, 
therefore, be an ideal sequence to use for the detection of conjugal elements. As 
evidence, this sequence was foimd within every Enterococcus isolate tested that 
possessed a conjugal tetracycline resistance gene. The sequence was not detected 
in strains from which transfer of tetracycline resistance was not observed. 
The results presented herein clearly show the presence of conjugal elements 
with homology to Tn926 in the Enterococcus population of swine lot effluent. 
Furthermore, because the effluent is distributed on agronomic soils, the 
opportunity for transfer of the resistant phenotype is created. When the isolates 
were tested in laboratory soil microcosms, transfer of the tetracycline resistant 
phenotype was detected at frequencies near those for Tn9i6. Furthermore, 
because the recipient was a Bacillus sp., these elements have the ability to 
transfer resistance genes across genus lines. Although elements with sequence 
homology to IndlG have been found before (1), the demonstration of high numbers 
of these elements capable of cross genus transfer in a soil environment is novel. 
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Due to the common use of antibiotic supplements in animal feeds, 
resistance phenotypes among isolates from livestock animals have been high in 
number and diversified (10). Antibiotic susceptibility analysis of the enterococcal 
isolates used in this study showed that they possess mvdtiple resistance 
phenot3^es (data not shown). Because these Tn925-like elements are capable of 
DNA mobilization, comobilization of other DNA from these or other strains is 
possible. Whether the mobihzed DNA is from enterococci or native soil bacteria, 
the potential for mobilization of additional resistance genes exists. This research 
presents only data for the transfer of tetracycline resistance and must raise the 
question as to how many other resistance phenotypes are being transferred 
through the conjugation event. Fiirthermore, due to the high numbers of antibiotic 
resistant enterococci found to be present in the swine lot effluent, finding elements 
that function like T!n916 must raise concern about what genes are being 
transferred into and among the soil microflora. 
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TABLE 1. Bacterial populations occurring in a swine lot effluent sample from the 
Iowa State University swine farrowing house, as determined by differential plate 
count. 
Population Culturable CFU/ml^ 
Total bacteria 5 5 x lo'^ 
Total Tet^ bacteria 1.6 x lO"^ 
Total enterococci 2.9 x 10^ 
Tef^ enterococci 2.1 x 10^ 
^ Determined by dilution and pour plates with differential media as explained in 
materials and methods. 
^ Tet^= tetracycline resistant (10 ixg/ml). 
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TABLE 2. Comparison of the conjugal microassay and conventional mating for 
the detection of conjugation. 
Isolate Microassay^ Transfer frequency^ Standard deviation 
CGllOC (+) 3.73 X 10-6 1.11 X 10-6 
AHl-7 (+) 1.23 X 10-6 3.50 X 10-7 
AH2-8 (+) 2.23 X 10-6 2.07 X 10-7 
AH2-13 (+) 1.31 X 10-6 3.08 X 10-7 
AH2-17 (+) 9.62 X 10-6 1.89 X 10-6 
AH3-13 (+) 3.24 X 10-6 1.00 X 10-6 
AH4-6 (+) 3.11 X 10-6 7.11 X 10-7 
AH4-8 (+) 2.34 X 10-6 6.56 X 10-7 
AH4-10 (+) 2.43 X 10-6 3.73 X 10-7 
AH4-14 (+) 6.40 X 10-6 5.77 X 10-7 
AH4-17 (+) 6.25 X 10-6 1.65 X 10-6 
AHl-21 (-) NDd 
AH2-21 (-) ND 
^ Conjugal activity determined by the microassay presented herein. 
Frequency of conjugants/output donor determined by conventional mating 
procedure (Naglich and Andrews, 1988). Entry represents mean of three 
independent matings. 
c Positive control: E. faecalis (Chr;:Tn926). 
d ND= Not Detected. 
69 
TABLE 3. Transfer frequencies for Tn9i6-like conjugal elements between 
enterococci and B. thuringiensis AN142 in soil. 
Isolate Transfer frequency^ Standard deviation 
CGllOb 4.14 X 10-6 1.07 X 10-6 
AHl-7 1.00 X 10-6 3.53 X 10-7 
AH2-8 9.09 X 10-7 2.09 X 10-7 
AH2-13 7.69 X 10-7 1.33 X 10-7 
AH2-17 9.09 X 10-7 2.32 X 10-7 
AH3-13 6.90 X 10-7 1.49 X 10-7 
AH4-6 1.25 X 10-6 2.39 X 10-7 
AH4-8 1.17 X 10-6 1.00 X 10-7 
AH4-10 1.25 X 10-6 1.82 X 10-7 
AH4-14 1.14 X 10-6 1.51 X 10-7 
AH4-17 7.35 X 10-7 1.89 X 10-7 
AH 1-21 NDC 
AH2-21 ND 
^ Frequency of conjugants/output donor determined by soil mating procedure 
(Haack et al., in press). Entry represents the mean of three independent matings. 
b Positive control: E. faecalis (Chr;;Tn926). 
c ND= Not Detected. 
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CHAPTER 4. GENERAL CONCLUSIONS 
The topic of genetic exchange among bacteria has recently taken on new 
interest due to the increase in antibiotic resistance among pathogens. Further 
interest in gene transfer has been generated by the industrial development of 
genetically engineered organisms and the fate of genetically engineered DNA in the 
environment. As was outlined in the literature review, genetic exchange in the 
environment is not a new concept. DNA transfer between bacteria in soil has 
previously been demonstrated by transformation, transduction and conjugation. 
Due to the physical and genetic limitations imposed by other exchange 
mechanisms, conjugal transfer of DNA probably contributes more than any other 
method to DNA mobility in the terrestrial environment (van Elsas, 1992). 
However, demonstration of conjugal, plasmid-mediated genetic exchange 
consistently shows a decrease in the transfer frequency when performed in 
nonsterile, as opposed to sterile laboratory microcosms. This, together with the 
genetic barriers encountered by plasmids upon entry into a foreign host, probably 
limits the contribution made by conjugal plasmids to genetic exchange in the 
natural environment. 
Tn9i6 was chosen for this work due to its promiscuity and broad host 
range. As a transposon, Tn916 is not as limited in its host range as are most 
plasmids. Because Tn916 does not seem to be constrained by the limitations 
imposed by genetic barriers in the recipient, as is evidenced by its broad host 
range, it would have a greater impact than plasmids on conjugal transfer and gene 
dissemination among soil organisms. Moreover, due to its broad host range, 
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Tn916 would be conjugally active among the diverse organisms foimd in the soil 
environment. 
The primary question that we set out to answer in this research was 
whether a conjugative transposon could mediate genetic exchange between 
bacteria in soil. To answer this question, we devised a soil microcosm that would 
determine if the conditions necessary for Tn9i6-mediated conjugal transfer could 
be produced within a soil system. Because this is a pheromone-independent 
system, an external source is necessary to bring the cells into contact. Through 
the use of this method, we demonstrated conjugal transfer of Tn926 between 
Bacillus species in sterile, as weU as nonsterile soil microcosms. Fiirthermore, 
Tn916 was found to be functional over a range of environmental conditions that 
would be experienced by terrestrial bacteria in the natural environment. When 
variations were made to the environment of our soil microcosm, a clear correlation 
wa:s seen between what would be expected to increase physiological activity and 
an increase in conjugation frequencies. These data correlate with those obtained 
for plasmid conjugation in soil. However, in most soil matings involving conjugal 
plasmids, amendments of pH and nutrients had to be made to the soil in order to 
demonstrate plasmid transfer, otherwise, transfer frequencies were below 
detectable levels (Stotzky and Krasovsky, 1981). 
What was intriguing about these matings was that transfer frequencies for 
Tn5i6 in soil were comparable to those seen for transfer between the same 
species on filters. Moreover, performing the mating in nonsterile conditions had 
essentially no effect on transfer frequencies. This finding is in contrast with what 
has been seen in most studies using plasmid-mediated conjugation systems in soil. 
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In most cases, frequencies for plasmid transfer in nonsterile soils are considerably 
lower or even undetectable (Krasovsky and Stotzky, 1987; Smit et al., 1993). 
These experiments clearly show the ability of Tn9i6 to conjugally transfer 
between bacteria in soil systems. During Tn9i6 matings, however, other genetic 
information may enter the recipient cell. This mobilization potential may make 
Tn926 important in the dissemination of genetic material in the environment. In 
experiments designed to detect mobilization of DNA between soil bacteria, T!n916-
induced transfer of the nonconjugative plasmid pC194 was observed in nonsterile 
soil between species of Bacillus. The frequency of transfer was again comparable 
to that seen between these species on nitrocellulose filters. This finding indicates 
the potential for Tn9iff-mediated mobilization of nonconjugative plasmids among 
microbes in the soil. 
Our second goal was to determine if conjugal transposons such as TxiSlG 
could be introduced into the soil microflora through conventional agronomic 
practices. Tn9i6, as well as other conjugal transposons, have been found to be 
common among the enterococci. Fiirthermore, the deposition of animal fecal 
material containing high numbers of enterococci, as well as other enteric 
organisms, on agronomic soils is a common practice to increase soil fertility. Due 
to the correlation between enteric organisms and mobile antibiotic resistance, 
animal fecal material may be an important route for introduction of conjugal 
elements into the soil. 
When effluent samples from the ISU swine lot were examined for 
tetracycline resistant organisms, the majority of the enterococci present were 
found to be resistant to tetracycline. When assayed for conjugal activity, 34% of 
these isolates were found to possess a conjugal tetracycline resistance gene. More 
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importantly, the resistance was transferred across genus lines into a Bacillus 
species, indicating a possible route for introduction of conjugal elements into the 
soil flora. 
Structural analysis of the conjugal elements isolated from the swine lot 
enterococci, indicated they share extensive homology with Tix916. The elements 
showed similar restriction patterns when digested with the restriction enzyme 
Hindi, as well as homology to Tn9i6 sequences through Southern hybridization. 
Furthermore, PGR amplification of a gene sequence known to be necessary for 
conjugal activity in T!xi916 demonstrated the presence of this gene in each of the 
elements tested. 
The transfer frequencies for these elements were comparable to those seen 
for Tn9i6 both on filters and in nonsterile soil microcosms. Further analysis 
demonstrated the ability of these elements to mobilize plasmid pC194 between 
different species of Bacillus. 
These data indicate the existence of a . population of Tn9i6-hke elements 
carried by enterococci shed in swine fecal material. Fiirthermore, when effluent 
containing these organisms is mixed in agronomic soils, the opportunity for 
contact with soil flora is provided. Data we have presented here demonstrate the 
ability of these elements to move into, and between the soil flora once introduced 
into the soil environment. Moreover, these elements were shown to mobilize 
nonconjugal DNA, which could allow movement of antibiotic resistance genes 
among bacteria in the soil. These Tn926-like elements could greatly affect the 
stability of the gene pool in agronomic soils by mobilization of resident DNA from 
soil organisms, as well as DNA from effluent-related organisms into and among 
the soil flora. 
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Although we have presented data concerning the conjugal transfer and 
plasmid mobihzation by Tn9i6-like elements, these experiments were all carried 
out in laboratory soU microcosms. Although these elements have been shown to 
be active in nonsterile soil, further experiments are needed to establish the 
behavior of Tn9i6-like elements in the field. Although this type of experiment 
involves logistical and regulatory problems, this is an experiment that warrants 
serious consideration. Additionally, the demonstration of Tn9i6 movement into 
native soil bacteria would strengthen arguments for the introduction and exchange 
of Tn9i6-like elements into natural systems from livestock effluent. Detection of 
Tn916 transfer into soil flora coiold be accomplished through the use of a Hn916 
derivative in which a unique gene or DNA sequence has been" inserted. Through 
detection of the unique sequence in the soil flora, transfer of this element into the 
native soil population could be demonstrated. Through a better understanding of 
the impact effluent has on genetic mobility among soil bacteria, strategies could 
be implemented to prevent further spread of resistance genes among soil flora. 
Because tetracycline resistance seems to be common among many 
conjugal transposons studied, it is interesting to note that the tetracycline 
resistant enterococci examined in this research represent only 1% of the total 
tetracycline resistance among the culturable organisms in the swine effluent. 
Therefore, the majority of the resistance has yet to be examined. Furthermore, 
although tetracycline resistance is common, Tni545 shows that there are 
conjugative transposons with homology to Tn9i6 that can acquire additional 
resistance genes. The recent demonstration of resistance gene movement by 
integrons has shown a simple method by which conjugal elements can add or 
delete resistance genes to their repertoire. It is possible that there are conjugative 
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transposons similar to Tn916, lacking tetracycline resistance and carrying other 
resistance genes. Current methods of detection would be unable to demonstrate 
these elements, even though they still carry the tra genes necessary for conjugal 
transfer and DNA mobilization. There is the further possibility that Tn9i5-like 
elements exist that carry no resistance at all. There may exist such cryptic 
conjugative elements that have yet to be detected. Detection of conjugative 
transposons and their impact on the terrestrial environment continues to be a 
major source of research in this laboratory. 
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